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Probing space charge and resolving overlimiting current mechanisms at the
micro-nanochannel interface
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(Dated: August 23, 2018)
We present results demonstrating the space charge-mediated transition between classical,
diffusion-limited current and surface-conduction dominant over-limiting current in a shallow micro-
nanochannel device. The extended space charge layer develops at the depleted micro-nanochannel
entrance at high current and is correlated with a distinctive maximum in the dc resistance. Exper-
imental results for a shallow surface-conduction dominated system are compared with theoretical
models, allowing estimates of the effective surface charge at high voltage to be obtained. In com-
parison to an equilibrium estimate of the surface charge obtained from electrochemical impedance
spectroscopy, it is further observed that the effective surface charge appears to change under applied
voltage.
PACS numbers: 47.61.Fg, 47.57.jd, 82.39.Wj, 82.45.Yz
The non-linear electrochemical response of ion-
selective interfaces, e.g, electrodes, electro-deposition,
shock electrodyalsis, ion exchange membranes, or fab-
ricated nanochannels, has been the subject of a tremen-
dous amount of research [1–19]. Much of this work con-
cerns how the dc current-voltage response emerges from
a variety of mechanisms [8–17]. At low voltage, the
response appears Ohmic as concentration polarization
(CP) develops across the system resulting in depletion
and enrichment of ions at opposite interfaces. At suffi-
ciently high (limiting) current [20], the concentration ap-
proaches zero at the depleted interface. Electroneutrality
cannot be maintained and a distinct non-equilibrium ex-
tended space charge (ESC) develops [11] in this region.
This transition from Ohmic response is identified with a
decrease of the I-V slope, corresponding to the increased
resistance of the system due to depletion and subsequent
ESC development (see for example, Fig. 2.) Often, there
is another distinct transition wherein the slope increases
again. Herein we shall refer to all currents above the first
transition, corresponding to the classical limiting regime,
as over-limiting currents (OLC).
Several mechanisms contribute to or affect the
OLC [11–19, 21–25]. Which mechanisms dominate the
response depend on the applied conditions and details of
the particular system. Dydek et. al proposed a model
for microchannel devices which predicts the dominant
mode of OLC based on microchannel depth and sur-
face charge [16]. The shallowest channels are dominated
by surface conduction [17, 19, 21], intermediate depth
channels by non-uniform electro-osmotic flow (EOF) ef-
fects [22, 23], and deep channels, or unconfined systems
by electrokinetic instability [12–15]. The earliest pro-
posed mechanism for sustaining OLC is the existence and
structure of the ESC itself [11]. However, while the role
of surface conduction in the OLC of shallow channels
at high voltage has been confirmed experimentally [17],
the direct role played by the ESC in the OLC response
has received little attention. Consequently, how it inter-
FIG. 1: (Color online) Schematic device diagram showing de-
vice dimensions and electrode placement, where the sensing
electrode on the anodic side is separate from the biased elec-
trode (the same electrode is used on the cathodic side for
both sensing and bias.) Notice the maximum possible extent
of the diffusion layer is fixed by the position of the first drill
hole enforcing bulk-like concentration, denoted by dark-light
shading. The width (normal into the page) of all channels is
approximately 2 mm.
acts with the surface conduction mechanism, specifically
in mediating the transition between classical diffusion-
limited currents and the high-voltage OLC is not under-
stood.
Thus the goal of the present paper is to better
understand the interaction between the ESC and sur-
face conduction in the over-limiting response of a shal-
low micro-nanochannel device. Hence, the present work
extends and generalizes previous studies [16, 17]. The
device, shown schematically in Fig. 1, has 3 µm deep
microchannels, so the response will be dominated by
electro-diffusive transport with convection being of sec-
ondary importance [16, 22]. Fabrication of the Pyrex-
silicon devices are similar to those used in our previous
studies and discussed in detail elsewhere [26]. The results
here were obtained using a KCl electrolyte at concentra-
tions on the order of 10−5 M to ensure high nanochannel
selectivity, with a (bulk) pH of about 5.6. Platinum elec-
trodes were used in a 3-electrode set-up to help isolate
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FIG. 2: (Color online) Current-voltage characteristics for sev-
eral 3 µm-deep micro-nanochannel devices. The inset shows
the transition from diffusion-limited, pseudo-Ohmic response
to OLC, estimated by the point of departure from the linear
fit (dashed lines). For all three channels, this is between 0.75
V and 1 V, with the transition for channel 7 slightly lower
than the others. Channels 3 and 7 taken with Pt electrodes,
channel 8 with Ag/AgCl.
the effects of electrode reactions from the measurement.
Additional data were taken using Ag/AgCl electrodes to
verify that the effects of electrolysis of water are not of
critical importance to the phenomena of interest.
Each channel was wetted with KCl for 16-24 hours
(overnight) prior to conducting the experiment to ensure
proper wetting without introduction of air bubbles into
the channels. For channel cleaning, a 10 V dc voltage is
applied for 500 seconds in each direction until current was
approximately the same magnitude at end of each cycle.
This typically took 4-6 cycles. Reservoirs were flushed
and filled with fresh electrolyte at end of each cycle. The
system was allowed to relax back to (approximate) zero-
current state prior to running a pre-conditioning cyclic
voltammetry (CV). The CV runs from 0 V to 20 V to
-20 V back to 0 V in 100 mV steps with sweep rate of
20 sec per step, or 5 mV/sec. From previous experi-
ence, the system conductivity can fluctuate somewhat
during first few hours of operation, possibly due to flow-
induced dissolution-based changes in surface charge [27].
The current is run in both directions to avoid asymmetric
changes in the channel. After this, the system is relaxed
back to an approximate zero-current state prior to actual
data collection.
Electrochemical impedance spectroscopy (EIS) is used
to characterize the system. Measurements are made us-
ing a Gamry 3000 potentiostat with 50 mV perturba-
tion voltage. EIS spectra are taken from 1 MHz down to
about 1 Hz [34]. For the EIS, we used a 3-electrode set-up
for consistent operation in the high-voltage mode (HVE)
and some isolation of the sensing electrode from possible
reactions when under dc bias. EIS taken at 0 V dc bias
is used to obtain the equilibrium resistance of the device,
Ro, from fitting with a simple parallel RC circuit. While
this omits some important details which can be obtained
from a more physically realistic fundamental transport
model, the equilibrium resistance value is reasonably re-
liable [28, 29]. The system is then subject to dc voltage
steps from 0.25 V to over 20 V. A 300-second condition-
ing voltage is applied at each step to allow development
of concentration polarization (CP), and the current re-
sponse recorded. A dc-biased EIS measurement is then
conducted immediately following the conditioning step.
An I-V curve is obtained from the current at the end of
the conditioning step (Fig. 2), corresponding to a rela-
tively well-developed CP and response very close to that
of the steady-state.
The equilibrium resistance, Ro, can be used to estimate
the surface charge at the outset of the experiment. Both
microchannels and the nanochannel are assumed to be in
thermodynamic equilibrium with the reservoirs, the sur-
face charge density is assumed uniform, cross-sectional
electro-neutrality is assumed to hold throughout the de-
vice, and fluid flow/streaming effects are neglected. Such
an approach has been shown to yield reasonable values
for the surface charge across a range of concentrations,
in comparison to more detailed approaches [28, 29]. Us-
ing cross-sectionally averaged electrochemical potentials,
the effective conductivity (in S m−1) of a channel seg-
ment with a symmetric, monovalent electrolyte of bulk
concentration co (in mol m
−3) and mobility µ, is given
by Σ = 2Fµco
√
ρ2s + 1. F is the Faraday constant and
ρs (dimensionless with scaling 2Fco) has the same mean-
ing as in Ref. [16], an effective volumetric charge density
related to the surface charge, σs = ρsFhco (in C m
−2)
with channel height h. By using this effective conductiv-
ity, the surface charge density can be obtained from the
total resistance, Rtot = 2Lm/AmΣm + Ln/AnΣn, where
the subscripts “m” and “n” denote micro- and nanochan-
nel segments respectively. For channel 3 with Ro = 395
MΩ (see Fig. 3), and µ = 7.6× 10−8 m2(sV)−1 for KCl,
this gives σs = −0.136 C m−2, which is somewhat high
for this range of electrolyte concentration compared to
similar devices [28] but within reason [6].
Nyquist and Bode plots for a representative series of
EIS on channel 3 are shown in Fig. 3, illustrating the
impedance response as a function of dc bias voltage. Both
imaginary and real impedance components initially in-
crease through the Ohmic response and into the lower
portion of the OLC (compare with I-V in Figs. 2 or 6).
In many cases, at a given voltage, the impedance reaches
a local maximum and is observed to decrease with subse-
quent increase in voltage. At even higher voltages, there
is either a slight rise in or saturation of the impedance.
The Bode phase reflects this. The transition from resis-
tive to capacitive response, i.e. from φ = 0 to φ = −90
degrees, occurs at lower frequencies with increasing volt-
age, corresponding to increasing CP and the formation
and growth of the ESC. Similar behavior is observed for
the equilibrium impedance of an isolated, thin channel
with changing bulk concentration [28, 29].
This same behavior is seen in the dc resistance ob-
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FIG. 3: Nyquist (a) and Bode phase (b) plots for channel 3
showing typical EIS response across a range of dc bias volt-
ages. Data for other channels are shown in Figs. 7 and 8 in
the appendix
tained from the I-V data. Several such plots of dc resis-
tance vs. voltage are shown in Figure 4. The resistance
is normalized by the height of the resistance maximum
for clarity on the same plot. The resistance maximum
typically occurs above the voltage corresponding to clas-
sical Ohmic-to-limiting transition, at about 3 V and 1 V
respectively for channel 3.
The experimental results may be understood with
the help of two simple 1D models for the dimensionless
current density-voltage response of a 1-layer ion-selective
systems, one representing the ESC response, and the
other electro-diffusion modified by surface conduction.
The static resistance of the ESC for an ideal membrane,
R =
4(−1− xo)3/2
3ǫ
√
2I
, (1)
can be obtained from the well-known ESC voltage drop
and estimates for the ESC outer edge, xo = 2/I − 3 −
a(2ǫ2/I)1/3, [13]. This resistance yields a prominent
maximum shortly above the limiting transition, as seen
in Fig. 4. In the ESC model, the parameter ǫ = λD/Lo
is the dimensionless Debye length and the parameter
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FIG. 4: (Color online) Experiment R-V plots (static R) ob-
tained from the slow I-V curve, normalized by peak resistance.
Channels 3 and 7 taken with Pt electrodes, channel 8 with
Ag/AgCl.
a = 0.63 is obtained from a numerical solution of the
Painleve problem, shown in Fig. 5. We briefly discuss
the most important details below and refer the reader to
a more comprehensive discussion elsewhere [13].
It is well-known that the 1D electrodiffusive problem
can be cast in terms of a master equation for the (scaled)
electric field, E = ǫψ, where ψ is the electric potential
satisfying the Poisson equation. This takes the form,
ǫ2
d2E
dx2
− E
3
2
+ IE(x− xo) = −ǫI. (2)
For the present purpose, we require the electroneutral
salt concentration to estimate the value of xo, giving a
measure of the extent of the space charge. In the full
formulation,
c(x) =
E2
4
− I
2
(x− xo) (3)
and thus to obtain the parameter estimate, we require
E(xo). By re-scaling the problem, asymptotic solutions
valid for fully-developed space charge may be obtained
and used as boundary conditions on the numerical solu-
tion of the re-scaled problem,
F ′′ − 1
2
G2F 3 + zF = −1 (4)
where the transformations
E = (ǫI)1/3F (5)
(x− xo) = I−1/3ǫ2/3z (6)
have been used. The asymptotes for developed space
charge are given,
F (z) =


− 1z z ≪ 0
√
2z z ≫ 0
4-20 -10 0 10 20
0
1
2
3
4
5
z
F
FIG. 5: Numerical Painleve solution for F(0) (solid) and wide
space charge asymptotes (dashed).
and the full numerical solution is shown in Fig. 5. The
diffusion-limited transport plus surface-conduction
(DL||SC) model from Ref. [16],
I = 1− e−V − ρsV, (7)
shows an approximately constant I-V slope at high volt-
age, similar to experimental data. The low voltage for
the Ohmic-to-limiting transition for this model (curve
(3) in Fig. 6) is a consequence of an ideally selective
interface; lower selectivity tends to shift the transition
to higher voltage. The voltage is scaled by the thermal
voltage, RT/F ≈ 0.0254 V, the concentration by the
bulk value, and the length by the extent of the (assumed
1D) depletion region, Lo ∼ O(1) mm. The actual
diffusion length is difficult to determine without taking
into account field-focusing and any EOF effects, but this
is a reasonable estimate. The current density is scaled
by 2coµRT/Lo The Einstein relation is assumed to hold
between mobility and diffusivity, and the conductivity
assumed due solely to the electrolyte; we do not attempt
to account for dissolved CO2, etc. The DL||SC model
has the effective microchannel charge density, ρs, as
a parameter. Each basic model is fitted to the most
appropriate region of the I-V and the combined model,
ESC+DL||SC, is obtained by placing the two models in
series (Fig. 6).
Both basic models are derived for a 1-layer ideally
selective interface, and do not include the contributions
of field-focusing [30] or of the nanochannel itself. Fur-
thermore, the ESC model is not applicable below the
classical limiting current. Hence, calculations and plots
involving the ESC model are shifted by the Ohmic-
to-OLC transition voltage, which in a sense accounts
for both non-ideality (up to the limiting current) and
the non-zero equilibrium resistance of the nanochannel.
While neither model can capture the entire curve, each
can fit a respective region of normalized experimental
data reasonably well. The fit obtained for the I-V of
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FIG. 6: (Color online) Current-voltage response (a) and static
resistance, R = V/I , (b) for theoretical models and channel
3 (hollow diamonds), normalized to apparent limiting current
(∼ 1.8 nA) and thermal voltage Vth = 0.0254 V. (1) ESC-only
model (red dashed) with ǫ = 0.0067 and a = 0.63, used for
all models involving the ESC, (2) ESC+DL||SC model (solid
blue) with ρs = −18.49, corresponding to the microchan-
nel equilibrium surface charge density for channel 3, (3) the
DL||SC model of Dydek et al [16] with ρs = −0.0147, (4)
ESC+DL||SC model with ρs = −0.0347 and (5) ESC+DL||SC
with ρs = −0.0147
channel 3 has ǫ = 0.0067 and is quite good around
the lower OLC voltages (see Fig. 6.) Fitting the
DL||SC model to the high-voltage OLC, one obtains
ρs = −0.0147, considerably lower than the value ob-
tained from the equilibrium resistance (ρs = −18.49 for
the microchannel). For the combined model, larger ρs
corresponds to a smaller voltage drop across the depleted
electro-neutral portion of the microchannel, a larger
drop across the non-electroneutral ESC, and a more
pronounced maximum (see Fig. 6). For ρs = −18.49, the
combined model agrees quite well up to the maximum,
where the models with low surface charge begin to agree
better with data.
Analyzing the behavior of these simple models leads
to a number of general conclusions. The character of I-V
response between the transition from diffusion-limited
5current and surface-conduction dominant OLC is gov-
erned primarily by the ESC at intermediate voltages,
provided the other resistances in the system are not too
large by comparison. As can be seen in Fig. 6, case (2),
at sufficiently high voltage, the enhanced electric fields
within the ESC can actually drive the resistance below
the limiting value. Of course, it should be clear that
this is only the case when the other resistances in the
system are negligible (or themselves decrease.) For the
DL||SC model with constant and uniform surface charge,
the differential and static resistance have the common
high-voltage limit, −1/ρs. Hence, in the combined
model the surface charge, through ρs, determines the
high-voltage resistance and affects the shape and height
of the observed resistance maximum in conjunction with
ǫ.
In the case of low surface charge, the correspond-
ing voltage drop can become large. So at a given
over-limiting current, the voltage drop across the ESC
is smaller for lower surface charge. This results in a
broader, flatter maximum, shifted to higher voltages and
with overall higher resistance. For low enough surface
charge, the corresponding high resistance renders the
ESC essentially unobservable (see case (5) in Fig. 6).
The exceedingly large difference between equilibrium
and high-voltage estimates for the effective surface
charge is also very interesting. The simplifications made
in the modeling approach have omitted a number of
things, e.g. the explicit consideration of CP in the
enriched microchannel, non-ideality of the nanochannel
(nanochannel CP) [32], field-focusing [30, 31], and
fluid-flow [7, 26]. While these can be expected to
contribute somewhat, it is nonetheless difficult not
to conclude that the assumption of spatially uniform
surface charge, independent of applied voltage, is itself
suspect. In light of studies on surface charge regulation
via silanol dissociation [33] and determination of a
concentration-dependent effective surface charge in
equilibrium nanochannels [28], concentration polar-
ization itself should lead to both non-uniformity and
voltage-dependence of surface charge. Of course, this is
also tied strongly to the selectivity of the nanochannel,
which not only affects the I-V response in the classical
under-limiting regime, but also can be expected to play
a role in the structure of the ESC. The field-focusing
effect of the 2D interface is known to have a strong
effect on the CP profile and voltage-drops across the
system [30, 31], and therefore may be anticipated to
affect the ESC as well. Thus, the somewhat high
fitted value of ǫ can at least partially be attributed to
this. Lastly, it has also been shown that there is an
additional current path for surface conduction in parallel
to the diffuse EDL, which may be associated with
Stern layer transport [29]. Future and on-going work
concerns extending the models to capture non-ideality
and field-focusing, understanding the apparent change
in surface charge between equilibrium and high-voltage,
and extending the experiments to deeper channels where
EOF is expected to play an important role.
Acknowledgments
The authors acknowledge the Israel Science Foun-
dation for grant number 2015240, the Technion
Russel-Berrie Nanotechnology Institute (RBNI), and
Stephen and Nancy Grand Water Research Institute for
grant number 2017720, for financial support and the
Technion Micro-Nano Fabrication Unit (MNFU).
Appendix: Additional Experimental Data
Additional Nyquist and phase plots for channels 7 and
8 are shown below. This compliments the data shown in
Fig. 3 for channel 3. The normalization used in Fig. 4
can be inferred from the Re(Z) intercepts.
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FIG. 7: Nyquist plots for channel 7 (a) and 8 (b) showing
response at 0V and key points (maxima and minima of resis-
tances). The legend for all figures is shown at the bottom.
The hollow rectangles are used to denote the maximum in all
cases. As indicated in Fig. 4, the maximum for channel 7 is
considerably less well-defined than the other cases.
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